Consistent with the theory that individuals with hypofunctioning reward circuitry overeat to compensate for a reward deficit, obese versus lean humans have fewer striatal D2 receptors and show less striatal response to palatable food intake. Low striatal response to food intake predicts future weight gain in those at genetic risk for reduced signaling of dopamine-based reward circuitry. Yet animal studies indicate that intake of palatable food results in downregulation of D2 receptors, reduced D2 sensitivity, and decreased reward sensitivity, implying that overeating may contribute to reduced striatal responsivity. Thus, we tested whether overeating leads to reduced striatal responsivity to palatable food intake in humans using repeated-measures functional magnetic resonance imaging. Results indicated that women who gained weight over a 6 month period showed a reduction in striatal response to palatable food consumption relative to weight-stable women. Collectively, results suggest that low sensitivity of reward circuitry increases risk for overeating and that this overeating may further attenuate responsivity of reward circuitry in a feedforward process.
Introduction
The striatum plays a key role in encoding reward from food intake. Feeding is associated with dopamine (DA) release in the dorsal striatum and the degree of DA release correlates with the amount of pleasure from eating (Szczypka et al., 2001; Small et al., 2003) . The dorsal striatum responds to ingestion of chocolate in lean humans and is sensitive to its devaluation by feeding beyond satiety (Small et al., 2001) .
Obese humans show less striatal D2 receptor availability than lean humans (Wang et al., 2001; Volkow et al., 2008) and obese rats have lower basal DA levels and reduced D2 receptor availability than lean rats (Orosco et al., 1996; Fetissov et al., 2002) . Obese versus lean humans show less activation of striatal DA target regions (caudate, putamen) in response to palatable food intake (Stice et al., 2008a,b) , yet show greater striatal activation in response to pictures of food (Rothemund et al., 2007; Stoeckel et al., 2008; Stice et al., 2010) , suggesting a dissociation between consummatory food reward and the incentive salience of food cues. Critically, humans that exhibited weaker striatal activation in response to food intake who had an A1 TaqIA allele, which is associated with lower D2 striatal receptor availability (Noble et al., 1991; Ritchie and Noble, 2003; Tupala et al., 2003) and reduced striatal resting metabolism (Noble et al., 1997) , showed elevated future weight gain (Stice et al., 2008a) . Collectively, these findings accord with the theory that individuals with lower signaling capacity in reward circuitry overeat to compensate for this reward deficit (Blum et al., 1996; Wang et al., 2002) .
However, there is evidence that consumption of palatable food leads to downregulation of DA signaling. Regular intake of high-fat and high-sugar foods that results in weight gain leads to downregulation of postsynaptic D2 receptors, decreased D2 sensitivity, and reduced reward sensitivity in rodents (Colantuoni et al., 2001; Bello et al., 2002; Kelley et al., 2003; Johnson and Kenny, 2010) . Because these data imply that overeating may contribute to a further attenuation of striatal responsivity to food, we conducted a prospective repeated-measures functional magnetic resonance imaging (fMRI) study to directly test whether overeating is associated with reduced striatal activation in response to palatable foods in humans.
Materials and Methods

Participants
Participants were 26 overweight and obese young women (mean age, 21.0 Ϯ 1.11 years; mean body mass index [BMI], 27.8 Ϯ 2.45). The sample consisted of 7% Asian/Pacific Islander, 2% African Americans, 77% European Americans, 5% Native Americans, and 9% mixed racial heritage. Participants provided written consent. The local ethics review panel approved this study. Those who reported binge eating or compensatory behaviors in the past 3 months, current use of psychotropic medications or illicit drugs, head injury with a loss of consciousness, or current Axis I psychiatric disorder were excluded. Data were collected at baseline and at a 6 month follow-up.
Measures
Body mass. The BMI (kg/m 2 ) was used to reflect adiposity (Dietz and Robinson, 1998) . After removal of shoes and coats, height was measured to the nearest millimeter using a stadiometer and weight was assessed to the nearest 0.1 kg using a digital scale. Two measures of each were obtained and averaged. Participants were asked to refrain from eating for 3 h before completing anthropomorphic measures for standardization purposes. BMI correlates with direct measures of total body fat such as dual energy x-ray absorptiometry (r ϭ 0.80 -0.90) and with health measures such as blood pressure, adverse lipoprotein profiles, atherosclerotic lesions, serum insulin levels, and diabetes mellitus (Dietz and Robinson, 1998) .
fMRI paradigm. Participants were asked to consume their regular meals, but to refrain from eating or drinking (including caffeinated beverages) for 4 -6 h preceding their imaging session for standardization. We selected this deprivation period to capture the hunger state that most individuals experience as they approach their next meal, which is a time when individual differences in food reward would logically impact caloric intake. Participants completed the paradigm between 11:00 and 13:00 or 16:00 and 18:00. Although we attempted to conduct baseline and follow-up scans at the same time of day, because of scheduling limitations only 62% of participants conducted their second scan within 3 h of the time they completed their baseline scan (mean difference in time of scans, 3.0 h; range, 0.5-6.0 h). Participants were familiarized with the fMRI paradigm through practice on a separate computer before scanning.
The milkshake paradigm was designed to examine activation in response to consumption and anticipated consumption of palatable food ( Fig. 1) , though this report focused solely on the former. Stimuli were presented in five separate scanning runs. Stimuli consisted of two images (glass of milkshake and glass of water) that signaled the delivery of either 0.5 ml of a chocolate milkshake or a tasteless solution. Order of presentation was randomized across participants. The chocolate milkshake consisted of four scoops of Häagen-Daz vanilla ice cream, 1.5 cups of 2% milk, and 2 tablespoons of Hershey's chocolate syrup. The calorie-free tasteless solution, which was designed to mimic the natural taste of saliva, consisted of 25 mM KCl and 2.5 mM NaHCO 3 . We used artificial saliva because water has a taste that activates the taste cortex (Zald and Pardo, 2000) . Images were presented for 2 s using MATLAB (Mathworks). Taste delivery occurred 7-10 s after onset of the cue and lasted 5 s. Each event of interest lasted 5 s. Each run consisted of 20 events of milkshake intake and 20 events of tasteless solution intake. Fluids were delivered using programmable syringe pumps (BS-8000; Braintree Scientific) controlled by MATLAB to ensure consistent volume, rate, and timing of taste delivery. Sixty milliliter syringes filled with chocolate milkshake and tasteless solution were connected via tygon tubing through a wave guide to a manifold attached to the head coil in the MRI scanner. The manifold fit into the participants' mouths and delivered the taste to a consistent segment of the tongue (Fig. 2) . This procedure has been successfully used in the past to deliver liquids in the scanner and has been described in detail previously (Stice et al., 2008b) . Participants were instructed to swallow when they saw the "swallow" cue. Images were presented with a digital projector/reverse screen display system to a screen at the back end of the MRI scanner bore and were visible via a mirror mounted on the head coil.
Imaging and statistical analysis
Scanning was performed by a Siemens Allegra 3 tesla head-only MRI scanner. A standard birdcage coil was used to acquire data from the entire brain. A thermo foam vacuum pillow and additional padding was used to restrict head motion. In total, 152 scans were collected during each of the functional runs. Functional scans used a T2* weighted gradient singleshot echo planar imaging sequence [echo time ϭ 30 ms, repetition time (TR) ϭ 2000 ms, flip angle ϭ 80°] with an in-plane resolution of 3.0 ϫ 3.0 mm 2 [64 ϫ 64 matrix; 192 ϫ 192 mm 2 field of view (FOV)]. To cover the whole brain, 32 slices (4 mm thick; interleaved acquisition, no skip) were acquired along the AC-PC transverse, oblique plane, as determined by the midsagittal section. Structural scans were collected using an inversion recovery T1 weighted sequence (MP-RAGE) in the same orientation as the functional sequences to provide detailed anatomic images aligned to the functional scans. High-resolution structural MRI sequences (FOV ϭ 256 ϫ 256 mm 2 , 256 ϫ 256 matrix, thickness ϭ 1.0 mm, n Ϸ 160 slices) were acquired.
Data were preprocessed and analyzed using SPM5 (Wellcome Department of Imaging Neuroscience, London, UK) in MATLAB (Worsley and Friston, 1995) . Images were time-acquisition corrected to the slice obtained at 50% of the TR. Functional images were realigned to the mean. Anatomical and functional images were normalized to the standard MNI template brain implemented in SPM5 (ICBM152, based on an average of 152 normal MRI scans). Normalization resulted in a voxel size of 3 mm 3 for functional images and 1 mm 3 for structural images. Functional images were smoothed with a 6 mm full-width at half-maximum isotropic Gaussian kernel.
To identify brain regions activated by consumption of palatable food, we contrasted blood oxygenation level-dependent (BOLD) response during receipt of milkshake versus receipt of tasteless solution. We considered the arrival of a taste in the mouth to be consummatory reward, rather than when the taste was swallowed, but acknowledge that postingestive effects contribute to the reward value of food (O'Doherty et al., 2002) . Condition-specific effects at each voxel were estimated using general linear models. Vectors of the onsets for each event of interest were compiled and entered into the design matrix so that event-related responses could be modeled by the canonical hemodynamic response function, as implemented in SPM5, consisting of a mixture of two gamma functions that emulate the early peak at 5 s and the subsequent undershoot. To account for the variance induced by swallowing the solutions, we included the time of the swallow cue (subjects were trained to swallow at this time) as a control variable. We also included temporal derivatives of the hemodynamic function to obtain a better model of the data (Henson et al., 2002) . A 128 s high-pass filter (per SPM5 convention) was used to remove low-frequency noise and slow drifts in the signal.
Individual maps were constructed to compare the activations within each participant for the contrast milkshake receipt-tasteless receipt. Betweengroup comparisons were then performed using random-effects models to account for interparticipant variability. Parameter estimates were entered into a second-level 2 ϫ 2 random-effects ANOVA (milkshake receipttasteless receipt) by weight-gain group versus weight-stable group, weight-gain group versus weight-loss group, or weight-stable group versus weight-loss group. The significance of BOLD activation was determined by considering both the maximum intensity of a response as well as the extent of the response. We performed regions-of-interest (ROIs) searches using peaks in the dorsal striatum identified previously (Stice et al., 2008a) as centroids to define 10-mm-diameter spheres. Significance for these a priori ROIs was assessed at a statistical threshold of p Ͻ 0.005 uncorrected and cluster extent Ն3 voxels. To adjust for the fact that we conducted multiple comparisons, we report false discovery rate (FDR)-corrected p values ( p Ͻ 0.05).
Validation. Evidence suggests that this fMRI paradigm is a valid measure of individual differences in anticipatory and consummatory food reward (Stice et al., 2008b) . Participants rated the milkshake as significantly (r ϭ 0.68) more pleasant than the tasteless solution per a visual analog scale. Pleasantness ratings of the milkshake correlated with activation in the parahippocampal gyrus in response to milkshake receipt (r ϭ 0.72), a region that is sensitive to the devaluation of food (Small et al., 2001) . Activation in regions representing consummatory food reward in response to milkshake receipt in this fMRI paradigm correlated (r ϭ 0.84 -0.91) with self-reported perceived pleasantness for a variety of foods, as assessed with an adapted version of the Food Craving Inventory (White et al., 2002) . Activation in response to consummatory food reward in this fMRI paradigm correlates (r ϭ 0.82-0.95) with how hard participants work for food and how much food they work for in an operant behavioral task that assesses individual differences in food reinforcement (Saelens and Epstein, 1996) . A preliminary study using the same paradigm with college women (N ϭ 20) found that women who expect food to be rewarding, as assessed with the Eating Expectancy Inventory, show greater activation in the ventromedial prefrontal cortex, cingulate gyrus, frontal operculum, amygdala, and parahippocampal gyrus ( 2 ϭ 0.21-0.42) in response to milkshake receipt than did women who expect food to be less rewarding.
Results
We tested whether subjects who showed a Ͼ2.5% increase in BMI over the 6 month follow-up (N ϭ 8; mean percentage BMI change ϭ 4.41; range, 2.6 -8.2) exhibited a reduction in caudate activation in response to milkshake intake relative to those who showed a Ͻ2% change in BMI (N ϭ 12; mean percentage BMI change ϭ 0.05; range, Ϫ0.64 -1.7) to provide a direct test of the a priori hypothesis that weight gain would be associated with a reduction in striatal response to palatable food relative to weightstable participants. Exploratory analyses also tested whether participants who showed a Ͼ2.5% decrease in BMI (N ϭ 6; mean percentage BMI change ϭ Ϫ4.7; range, Ϫ3.1-Ϫ6.8) exhibited differential change in striatal response to palatable food than participants who remained weight stable or gained weight. In terms of raw weight change, this translated into a mean weight change of 6.4 lbs for the weight-gain group, a mean weight change of 0.5 lbs for the weight-stable group, and a mean weight change of Ϫ6.8 lbs for the weight-loss group. Although groups did not differ on BMI at baseline, we controlled for this variable. Because there was some variation in the time of day at which the baseline and follow-up scans were conducted across subjects that might have influenced results, we also controlled for the difference in time of the two scans (in hours). Parameter estimates from milkshake-tasteless contrasts were entered into a second-level 2ϫ2ϫ2 random-effects ANOVA (e.g., weight gainweight stable by milkshake receipt-tasteless receipt by 6 month follow-up-baseline.
As hypothesized, the weight-gain group showed significantly less activation in right caudate in response to milkshake intake at 6 month follow-up compared with baseline relative to changes observed in weight-stable participants (12, Ϫ6, 24; Z ϭ 3.44; FDR-corrected p ϭ 0.03; r ϭ Ϫ0.35; 9, 0, 15; Z ϭ 2.96, FDRcorrected p ϭ 0.03, r ϭ Ϫ0.26) (Fig. 3) . The weight-loss group did not show significant changes in activation in the caudate in response to milkshake intake compared with the weight-gain or weight-stable groups (Fig. 3) . To illustrate the relation between the continuous measure of degree of weight gain and the magnitude of the reduction in striatal responsivity to palatable food, we regressed change in BMI against change in right caudate (12, Ϫ6, 24) activation for all participants in SPSS, controlling for baseline BMI and scan-time difference (Fig. 4) . To determine whether change in the right caudate for those who gained weight compared with those who maintained weight was significantly greater than in the mirror region of the left caudate, we compared the activation in the right and left caudate using ROI analysis. We conducted an ANOVA testing the interaction between hemisphere, time, and group for the contrast between activation in response to receipt of milkshake versus tasteless solution. There was no significant interaction (F (1,18) ϭ 0.91, p ϭ 0.35). Thus, although our analyses revealed a significant time-by-group interaction in the right caudate, but not the left caudate, we cannot conclude that the observed effect was significantly lateralized.
Discussion
Results indicate that weight gain was associated with a reduction in striatal activation in response to palatable food intake relative to baseline response, which is a novel contribution to the literature because, to our knowledge, this is the first prospective fMRI study to investigate change in striatal response to food consumption as a function of weight change. These findings extend results from experiments that indicate that high-fat and high-sugar diets result in a reduction in signaling capacity of DA-based reward circuitry and reward sensitivity in rodents (Colantuoni et al., 2001; Bello et al., 2002; Kelley et al., 2003; Johnson and Kenny, 2010) . These findings also dovetail with evidence that treatmentinduced weight loss produces increased D2 receptor availability in humans (Steele et al., 2010) and upregulation of genes that govern DA signaling capacity in mice (Yamamoto, 2006) . Collectively, these data suggest that overeating contributes to a reduction in striatal response to palatable foods. The above findings, taken in conjunction with evidence that low striatal responsivity to palatable foods increases risk for future weight gain if coupled with genotypes associated with reduced signaling capacity of DA-based reward circuitry (Stice et al., 2008a) , implies that there may be a feedforward process of vulnerability, wherein low initial striatal responsivity to food may increase risk for overeating, which contributes to D2 receptor downregulation and blunted striatal responsivity to food, thereby further increasing the risk for future overeating and consequent weight gain. If this feedforward model of the relation of striatal responsivity to food and overeating is replicated in independent studies, it would suggest that future research should evaluate behavioral and pharmacological interventions that increase D2 receptors and signaling capacity in DA-based reward circuitry as a means of preventing or treating obesity. This working model would also imply that prevention programs and health policy should strive to reduce intake of high-fat and high-sugar foods during development to avoid a further blunting of striatal responsivity to food and reduce risk for future weight gain in vulnerable populations.
It is important to acknowledge, however, that the present study and the previous study that predicted weight gain (Stice et al., 2008a) involved participants who were already overweight at the baseline assessment. Thus, it is possible that overeating had already contributed to a blunted striatal response to food. It would be useful to examine responsivity of reward regions to food receipt among lean individuals at high and low risk for future weight gain to better characterize any abnormalities that exist before unhealthy weight gain. It is also important to note that hyposensitivity of reward circuitry to food intake is only one of a multitude of etiologic processes that likely increase risk for obesity and further that obesity is a heterogeneous condition that may have qualitatively distinct etiologic pathways (Davis et al., 2009) .
It is also important to consider the limitations of this study. First, we did not directly assess DA functioning, so we can only speculate that changes in DA signaling contribute to the observed change in striatal responsivity. However, Hakyemez et al. (2008) confirmed that there is a positive relation between oral D-amphetamineinduced DA release in the ventral striatum assessed via positron emission tomography (PET) and BOLD activation assessed via fMRI in the same region during anticipation (motor preparation to obtain) of monetary reward (r ϭ 0.51), paralleling results from another PET/fMRI study (Schott et al., 2008) . Second, we did not conduct weight measurements at the same time of day for participants at the baseline and 6 month follow-up assessments, which might have introduced error in our modeling of weight change. However, we did standardize time since last meal by asking participants to abstain from any type of intake of food or beverages (other than water) for 3 h before being weighed. We also found that BMI showed high 1 month test-retest reliability (r ϭ 0.99) in a previous study that likewise did not conduct weight measurements at the same time of day at baseline and the follow-up assessment (Stice et al., 2006) . Third, we could not confirm that participants actually abstained from eating for 4 -6 h before the fMRI scans, which may have introduced unnecessary variance.
In conclusion, the present results, taken in combination with past findings, suggest that low responsivity of DA-based reward circuitry to food intake may increase risk for overeating, and further that this overeating results in an additional attenuation in reward circuitry responsivity, thereby increasing risk for future weight gain in a feedforward manner. This working model may explain why obesity typically shows a chronic course and is resistant to treatment.
